Introduction and General Principle
The process of circulation, together with input and output, of phosphorus in a lake as a whole may be illustrated as Fig. 1 . The phosphorus transported into a lake by numbers of rivers or canals (the total amount of which during a month is designated as I in Fig. 1 ) will circulate in the following ways; one part will be used by growing organisms and assimilated into their bodies (the quantity is designated by G); the other part will directly or indirectly be deposited on the bottom (the quantity is designated by D), and a part or whole Abbreviations :-/ : Quantity of total phosphorus poured into the lake during a month. 0 : That poured out from the lake during a month. G: That assimilated by organisms (taken into organisms) during a month. D: That deposited on the bottom during a month.
S. MoRI of which in turn will, sooner or later, be resolved into water (the quantity is designated by R); and at last, the excess part is outpoured into a river (the quantity is designated by 0). This must be a typical, somewhat simplified illustration of the destiny of inpoured phosphorus. Now, the productivity of a lake as a whole will be measured by two ways. First, by measuring the states of organisms. This method seems to be better than the second one, which will be mentioned later, but the actual process is very complicated and laborious, because we have to measure the standing crop, growth and respiration rate, predation and decomposition rate and so on, with respect to each species, at least numbers of dominant species, composing the community.
The second method is rather simple, less laborious and so it seems to be adequate to gain a gross estimation of productivity of a lake as a whole. The general treatment is as follows.
Let us take the amount of total phosphorus in water, excluding that contained in living organisms, at the end of a definite month (X) as Sx, the amount of inpoured phosphorus to the lake during the next month (X+ 1) as 1-x+u that of outpoured phosphorus from the lake as O-x._ 1 _ 1 , the amount of phosphorus taken into all growing organisms during that month as G-x.+J, that of deposited onto the bottom of the lake as D-x+ 1 and that of resolved into water from the bottom as R-x+ 1 , so the next equation may be introduced . The same kind of equation can be considered in each month and total budget of a whole year may be,
From the equation (2) the next relation can be introduced.
Namely,
(total amount of input)+(total amount of resolution) -(total amount of output)-(total amount of deposition) =(total amount of net growth of organisms)
The total amount of net growth of organisms can be taken as a index of :10 productivity of the lake, and so the latter can theoretically be calculated in this way.
Unfortunately in the present case, we missed the exact measurement of the values of R and D. Although the value of D may generally exceed thz.t of R, these two values may have not so remarkable difference year after year when the lake is in a state of equilibrium, and in this case the equations (1) and (3) Lake Shinji-ko and Lake Naka-umi are both natural lakes, having the histories of more than thousands of years ; so, when we especially attempt to get only relative estimation of productivity, it will not be unsuitable for using the equation 4 or 5.
The principle mentioned above bears a resemblance to that used by OnuM and OnuM (1955) or OnuM (1956) . They measured the productivity of flowing water by measuring the oxygen content of water upstream and downstream simultaneously. They considered that the oxygen increase between stations during the day is the net photosynthetic production of the community and the oxygen decrease during the night is the total respiration of the community. Of course in the present case we are considering with phosphorus cycle and so there is naturally some different points. Fig. 2 shows the topographical feature around Lake Shinji-ko and Lake Naka-umi (refer to Table 1), illustrating the main rivers pouring into the lakes. The water of Lake Shinji-ko outflows through the Ohashi-gawa River into Lake Naka-umi, and the water of the latter outflows through the Sakai Channel into Miho Bay. Table 1 . Some geophysical properties of Lake Shinji-ko and Lake Naka-umi. The measurement of total phosphorus was performed once a month at the following rivers and channel.
Methods
Pouring into Lake Shinji -ko:
Hii and Tamanoyu Pouring into Lake Naka-umi:
S. MORI Iu, Iinashi, Yoshida, Hakuta and Ohashi Pouring into Miho Bay:
Sakai Channel
Also the amount of total phosphorus in lake water was measured at three stations in Lake Shinji-ko (Si4, Si6 and SilO) and five stations in Lake Naka-umi (N3, N9, Nl6, N18 and N19), which are illustrated in Fig. 2 . The depths of the lakes at these stations and the sampling depths at these stations are shown in Table 2 . The values obtained from the same depth were averaged for each lake and by multiplying the volume of water of appropriate vertical strata of each lake, the total amount of phosphorus was calculated.
The water sample was collected by a ordinary water sampler, so it con· tained planktons as well as other organic matters. Practically, by this reason, the value of G in the said equation means the value of net growth of organisms larger than planktons (macroorganisms). The measurement of total phosphorus was performed by Mr. H. 0KABAYASHI at the Shimane Hygienic Laboratory. The method is as follows. Acidifying 200 cc test water by HCl, evaporate, solidify, and after adding HCI boil and filter. Adding ammonia until some precipitation occurs, then solve the precipitation by adding HN0 3 , furthermore add 10 cc of cone. HN0 3 and then add 500 cc of 5% NH.N0 3 and shake strongly for few minutes. Leaving for a night, precipitate perfectly, filter with decantation, wash by 5% NH 4 N0 3 • When the filatrate does not assume a brown color by potassium ferrocianate (1%), put the precipitate into a crucible with filtering paper, burn to ash and weigh as P 2 0 5 ·24 Mo0 3 • Results Table 3 shows the concentration and total amount of phosphorus in Lake Shinji-ko and Lake Naka-umi, and Table 4 shows the concentration and total amount of phosphorus together with the volume of discharge of the rivers.
When these values are applied to the equation (4), Table 5 for Lake Shinji-ko and Table 6 for Lake Naka-umi can be obtained.
In these tables, on the assumption that the amount of phosphorus depositing on the bottom is nearly equal to that of resolving into water (i.e. D=R), + of G means that the "positive growth" of organisms (in this case, macroorganisms) in excess of death or disintegration has taken place during the month designated, and -of G means that the "negative growth" (death or disintegration) has taken place in excess of positive growth during the month designated. Concerning with this point, the "negative growth" has occured in both lakes in the year investigated; namely, in Lake Shinji-ko -144.3 tons and in Lake Naka-umi -243.7 tons for the year respectively. At first sight of these tables the "negative growth" is larger in Lake Naka-umi and so it will be considered as if being less productive than Lake Shinji-ko. However, l3 Lake Shinji-ko, 0-2 m 153000 X 10 3 m 3 2-bottom 188500 X 10 3 m3 Lake Naka-umi, 0-3 m 279531 X 10 3 m 3 3-5m 143814X10 3 m Table 4 . Concentration and total amount of phosphorus together with the volume of discharge of the rivers. ~~=n=!=a=~=~=~=~~l=-=-==~=P=h=o=s=p=~=r=u=s~~~T~o=~=J=a=m=o=u=n=t=(=fu=r=J=m=o=n=~=)~~-~===2~7-~-!-2:::-=7-0:8:.=oo=-o~l=_=!~o=.o=5=5--~~ a~--1-~-9-1 n.~~~~w 3~! 1~ ,303,040 5,391,360 5,5'71,072,12,856,320 11,128,320 11,19~,712 10,679,040'_7,981,6~ 7,905,600 14,999,040 6,963,840 Naka-umi !6-!98 __!_6.662 ___ 96.511._ __ 75.337 53.804 25.134 __ !3.592 ---~0!!_47 _ __!!'.71~ when we consider the input and output balance, the reverse relation will become clear. The percent of the amount of phosphorus lost by death or disintegration of organisms from Lake Shinji-ko (144.3 tons) to the amount of phosphorus inpoured to the same Lake (352.2 tons) was about 41 (144.3/352.2xl00=40.9%), whereas the corresponding value was about 20% for Lake Naka-umi (243.7 I 1187.0 x 100=20.5%); in other words, higher percent of phosphorus inpoured to the lake was retained by the organisms living in Lake Naka -umi than by the organisms living in Lake Shinji-ko. Furthermore, the amount of inpoured phosphorus per m 3 of water mass through the year was 2.33 g for Lake Naka-umi (in poured phosphorus/water volume of lake= 1187 x 10 6 g/5091 x 10 5 m 3 =2.33 g), whereas it was 1.02g for Lake Shinji-ko (352.2 x 10 6 g/3425 x 10 5 m 3 = 1.02 g), which suggests greater activity of phosphorus cycle of the former than the latter.
Considerations
Several works have hitherto been published as for phosphorus metabolism in natural waters. Among them, using radioactive isotope is considered to be one of the most effective method to see the fate of phosphorus in lake waters. COFFIN, HAYES, ]ODREY and WHITEWAY (1949), HUTCHINSON and EOWEN (1950) or RIGLER (1956) had used this method and contributed to the knowledge about the exchange relation of phosphorus among higher plants, seston or mud. Generally speaking, the uptake of phosphorus by plants was conspicuous and the amount of radioactive phosphorus dissolved in water rapidly decreased after addition. It entered into plants and then passed through zooplankton to higher animals such as fish. After death of these organisms it resolved into water or deposited on the bottom. EINSELE (1941) put a large amount of phosphate into Lake Schleinsee in 1938, but this abnormally high density decreased to the normal level after about one year, saying that some self-regulatory mechanism might have been working. Other several data are cited in the HuTCHINSON's book (1957) .
All these works are concerned the phosphorus circulation within a lake as a whole. Besides, some investigators studied the phosphorus metabolism of some special species population. For example, VALLENTYNE (1952) studied the phosphorus removal from lakes by insect emergence, and KuENZLER (1961) clarified the phosphorus budget of the ribbed mussel (Modiolus demissus) living in Georgia salt marsh.
On the other hand, only few knowledges are known as for the phosphorus balance sheet covering a wide range of a lake system together with inlet and outlet waters, which are the object of the present research. CURL (1959) studied the origin and distribution of phosphorus in western Lake Erie, and calculated the contribution of five tributaries to this lake. Notwithstanding of 16 " the interesting planning, the measurement of phosphorus was done by taking the surface water only, so something like obscurity arose in the consideration. Namely, the amount of phosphorus fluctuates generally with increase or decrease of the amount of discharge of the Maumee River, but during October to February the correlation was not clear (viz. although the discharge increased during this season, the amount of phosphorus rather decreased), and he supposed the reason that the water from the Maumee River must have gone under the lake water unmixed with it. DUGDALE and DuGDALE (1961) investigated gains and losses of phosphorus and nitrogen in some lakes on Afognale Island of Alaska in summer by measuring the contents of these elements in inlet and outlet streams together with those in lake waters. By their data, a slight increase (ca. 0.02g/L) must occur in lake water during July (so slight that it was nearly unmeasurable). He did not refer in what way this retention was used, but only said that a slight excess in lake water must have occured. His observation is restricted to only summer season and this may be another weak point.
When compared with those works mentioned above, the present research bases on the data of a whole year covering inlet and outlet waters together with lake waters of different depths. So relatively a wide view of phosphorus budget of lake system with tributaries can be obtained. Of course, there are several difficulties in the present work which must be overcomed in future works. One of which is that, a considerable amount of phosphorus fertilizers must have been poured into the lakes from surrounding rice fields through small creeks or streams. The other is that, polluted water from cities or towns situated on the lake side must also have been poured into the lakes. The phosphorus originated from these two sources are completely neglected in the present work, but they must have given influence on the phosphorus budget of the lakes. Also the author supposed the amount of deposition is equal to that of resolution, which seems to be unreal in the natural waters. After these difficulties are excluded, the exact description of phosphorus budget of a lake system can be made and the productivity will exactly be calculated.
Summary
Total phosphorus contents in the water of Lake Shinji-ko and Lake Nakaumi, and the inlet and outlet rivers, were measured throughout a year (from September of 1960 to August of 1961) and the productivities of these two lakes were compared.
In order to compare the productivity of a lake, the amount of phosphorus taken into organisms during a definite month (G%+ 1 , X+ 1 means a definite month) was calculated by the following equation:
where SX+ 1 : the amount of total phosphorus in water, excluding that contained in organisms, at the end of a definite month (X+1). Sx : the same at the end of the preceding month (X) IX+ 1 : the amount of inpoured phosphorus to the lake during the said month (X+ 1). OX+ 1 : the amount of outpoured phosphorus from the lake during the said month (X+ 1).
This equation is based on the assumption that the amount of phosphorus deposited on the bottom and that of resolved into water during a definite month are nearly equal, which will be true if the lake under consideration is attained to the stable state. As Lake Shinji-ko and Lake Naka-umi have histories of more than thousands of years, so the above equation was considered to be useful.
The total of the values of G of Lake Shinji-ko through September of 1960 to August of 1961 ( -144.7 tons, which means "negative growth" had occured) was larger than that of Lake Naka-umi ( -243.7 tons). But the amount of inpoured phosphorus per m 3 of water mass through the year was 2.33 g for Lake Naka-umi, which was larger than the value (1.02 g) for Lake Shinji-ko, suggesting higher productive activity of the former; furthermore, Lake Shinji-ko lost about 41% of inpoured phosphorus through outfiowing water, whereas Lake Naka-umi about 20%, the rate of retention of the former was smaller than the latter.
